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Abstract
Successful microbial invasions are determined by a species’ ability to occupy a niche in the new
habitat whilst resisting competitive exclusion by the resident community. Despite the recognised
importance of biotic factors in determining the invasiveness of microbial communities, the success
and impact of multiple concurrent invaders on the resident community has not been examined.
Simultaneous invasions might have synergistic effects, for example if resident species need to exhi-
bit divergent phenotypes to compete with the invasive populations. We used three phylogenetically
diverse bacterial species to invade two compositionally distinct communities in a controlled, natu-
ralised in vitro system. By initiating the invader introductions at different stages of succession, we
could disentangle the relative importance of resident community structure, invader diversity and
time pre-invasion. Our results indicate that multiple invaders increase overall invasion success, but
do not alter the successional trajectory of the whole community.
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Introductions of alien species rarely occur in isolation, with
some regions receiving high numbers of invasive species (Daw-
son et al. 2017; Turbelin et al. 2017). The arrival of foreign
species into established communities can alter the composition
and functioning of the resident community, with the potential
for negative impacts on ecosystem services and on the econ-
omy (Paini et al. 2016; Russell & Blackburn 2017). The fre-
quency and impacts of invasions are likely to increase, with
discovery rates of species outside of their native ranges rapidly
increasing for both macro- and microscopic taxa and on
almost every continent (Johnson et al. 2009; Seebens et al.
2017). For example, a recent study indicated that ~4% of vas-
cular plant species have become naturalised outside their nat-
ural ranges (van Kleunen et al. 2015); given the ubiquity of
species invasions, it is unlikely that any invasion happens in
isolation. Despite the recognition that invasive species pose a
threat to established ecosystems, and that multiple introduc-
tions are occurring simultaneously in most ecosystems, little is
known about the interaction between the two.
Successful invasions are dependent on the interaction
between the invader(s), the resident community and the envi-
ronment. These include the ability of the invader to exploit
the niches available in the new habitat (Chesson 2000; Vall-
llosera et al. 2016), to resist exclusion due to resource compe-
tition and other antagonistic interactions (Alba et al. 2017),
and in so doing, to integrate into the interactions within the
resident community (Padron et al. 2009). Integration of an
invader into a resident community can disrupt the existing
network of interactions among resident species (Sanders et al.
2003; Alba et al. 2017), giving the invader the opportunity to
establish in the community. Experimental manipulations have
demonstrated that invasion success is also improved by pro-
viding additional niches (e.g. higher resource diversity and
availability) (Catford et al. 2009; Symons & Arnott 2014;
Mallon et al. 2015), and by disrupting the resident community
(e.g. through habitat disturbance) (M€achler & Altermatt
2012).
Invasions themselves can be highly disruptive to communi-
ties (Baez & Collins 2008), so have the potential to impact
simultaneous or subsequent invasions in a similar way to any
other type of perturbation. However, the effect of multiple
simultaneous invasions has received limited attention in ecol-
ogy (Johnson et al. 2009). Past studies, predominantly on
freshwater ecosystems, generally show competitive interactions
amongst invaders and between invaders and the resident com-
munity (Buric et al. 2009; Hudina et al. 2011). In these sys-
tems, direct competitive interactions predominate between
invaders due to overlapping resource utilisation (Hudina et al.
2011), so coexistence of multiple invaders is dependent on
resource heterogeneity (Buric et al. 2009). In homogenous
environments, multiple invaders were more detrimental to the
resident community than single invaders (Johnson et al.
2009). There are, however, some examples of invaders facili-
tating other invaders. For example, Johnson et al. (2009)
reported that an initial invader (rusty crayfish, a snail preda-
tor) aided the establishment of a second invader (Chinese
mystery snails) at a later date, because the crayfish was able
to reduce the abundance of the resident snail community,
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potentially freeing the second invader from competition
(Montgomery et al. 2012). Such findings suggest that the
impact of multiple invasions is dependent on the balance
between competition amongst the invaders themselves and
between invaders and the resident community (Preston et al.
2012).
While past studies have demonstrated the potential for
interactions among multiple invaders, the studies have been
highly selective in the invaders being studied, often predicated
on invaders that were known to interact directly or indirectly
(Buric et al. 2009; Johnson et al. 2009; Hudina et al. 2011). It
is less clear whether these findings offer us a more general
understanding of the success and impact of multiple invasions
compared to invasions of species in isolation (Livingston et al.
2013). We suggest there are two main reasons to expect inter-
actions among invaders a priori. First, if multiple species
invade simultaneously, one of those species is more likely to
be a successful invader, due to an increased chance that one
species has a high competitive ability or possesses unique
traits that allow it to colonise a novel niche (i.e. a selection
effect; Loreau & Hector 2001). Secondly, multiple invader
species can facilitate each other’s growth and persistence (i.e.
a complementarity effect), for example by cross-feeding or by
disturbing the resident community. These two predictions are
not mutually exclusive and likely work together. These princi-
ples have long been established in biodiversity-ecosystem func-
tioning research, but studies of multiple invasions lack such a
framework. Utilising such a framework, and contrasting with
many of the existing studies we cite above, we predicted that
simultaneous multispecies invasions may result in higher inva-
sion success and also greater impact on the community.
In this study, we tested the ability of three phylogenetically
diverse, aquatic bacterial isolates to separately and simultane-
ously invade, and impact, resident communities during suc-
cession. Microbial invasion ecology is an emerging field
within invasion ecology, not just because microbial systems
are often simple to experimentally manipulate, but also
because microbial invasions are likely to have relevance to
understanding pathogenesis, bioremediation and industrial
contamination (Stecher & Hardt 2011; Lewis et al. 2015;
O’Brien & Buckling 2015; Wei et al. 2015). Additionally,
multiple simultaneous introductions are likely to be the norm
for microbial invasions given their passive dispersal and
small size (Lindstr€om & €Ostman 2011; Rillig et al. 2015). We
used bacterial communities and invaders taken from water-
filled tree holes (Bell et al. 2005). The invaders were selected
and isolated based on their cosmopolitan distribution across
tree holes and aerobic culturability. Previous work using the
same system (Fiegna et al. 2015; Rivett et al. 2016; Jones
et al. 2017) has demonstrated shifting resource usage during
community succession. We predicted a decline in the impor-
tance of complementarity among invader species during suc-
cession because declines in resource availability would
provide fewer opportunities for complementarity. In contrast,
we predicted an increase in the importance of selection
effects during succession because early-stage communities
contain more vacant resource niches and more transient
interspecific interactions than those of a more progressed
successional stage (Rivett et al. 2016), and these permissive
conditions allow invasion of less-fit invader species. Later-
stage communities only allow invaders with more specialised
traits, resulting in an increased importance of selection effects
in these communities. Successful multi-species invasions in
stable or late successional communities might result from
synergistic impacts between invaders (e.g. by sharing extracel-
lular enzymes or by displacing a resident, competing species)
or because they have a higher probability of including one
successful generalist invader.
MATERIALS AND METHODS
Bacterial sampling, isolation and identification
Water samples were collected from rain-filled depressions in
the roots of beech trees at four locations across South Eng-
land during October and November 2014. Detritus was fil-
tered from the samples (pore size 20–25 lm, Whatman plc,
Maidstone, UK) and the remaining bacteria were used to
inoculate beech leaf tea (Lawrence et al. 2012), supplemented
with 200 lg mL1 of the anti-fungal agent cycloheximide
(Sigma-Aldrich, Gillingham, UK) for 7 days at 22 °C. These
communities were stored at 80 °C in 30% v/v glycerol (final
concentration; Sigma-Aldrich) with 0.85% NaCl (Sigma-
Aldrich), until required.
Bacterial isolates were cultured from different communi-
ties, identified and stored as previously described (Rivett
et al. 2016). Briefly, isolates were picked from colonies
grown from filtered communities on R2A agar plates
(Sigma-Aldrich), and stored at 80 °C in ProtectTube Cry-
obead Systems (Technical Consultants Ltd, Heywood, UK).
DNA was extracted using the ZR-96 Fungal/Bacterial DNA
extraction kit (Zymo Research, Irvine, CA, USA) and a
fragment of the 16S rRNA gene was amplified using primers
27f and 1492r, as previously described (Rivett et al. 2016).
We selected for spontaneous rifampicin resistant mutants so
that invasion success could be quantified using selective plat-
ing within communities lacking rifampicin resistant popula-
tions. To select the invaders, bacterial isolates were revived
from storage and grown overnight in 1 mL lysogeny broth
(LB; Sigma-Aldrich) at 30 °C. Overnight cultures were con-
centrated into 200 lL, plated on LB agar (Sigma-Aldrich)
supplemented with 50 lg mL1 rifampicin (Sigma-Aldrich),
and incubated overnight at 30 °C to select for spontaneous
mutations. Colonies were then transferred two further times
to ensure resistance, first on LB agar containing rifampicin
at 100, and then 300 lg mL1. Three species were subse-
quently selected that were distinct from each other both phy-
logenetically (highest taxonomic separation at order level)
and morphologically (Table S1). Using the 16S rRNA gene
sequences species A, B & C were identified as members of
the genera Chryseobacterium, Pseudomonas, and Pantoea
respectively. Using molecular analysis of the 16S rRNA gene
(methods below) it was confirmed that these invaders were
absent from the communities (Fig. S1). Each invader was
revived from frozen stocks on 100 lg mL1 rifampicin-LB
agar plates, incubated for 3 days at 22 °C, prior to the inoc-
ulation of the media with a single colony and incubation for
1 week at 22 °C.
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Experiment design
In this experiment, the three isolates were used to invade two
of the archived communities. We chose two compositionally
distinct communities (Fig. S2) to better generalise the mecha-
nisms behind invasion success. No rifampicin resistance colo-
nies were detected in either community at the outset of the
experiment or in the invader-free controls. Prior to the inocu-
lation of the experimental microcosms the two communities
were revived from frozen into 10 mL of beech leaf tea supple-
mented with 0.1 mM MgSO4 (Sigma-Aldrich) and 0.1 mM
CaCl2 (Sigma-Aldrich) (beech leaf media), and incubated stat-
ically at 22 °C for one week. The communities were then
diluted 1: 99 in fresh beech leaf media (final volume 1 mL) to
give a starting inoculum of ~105 colony forming units per mL
(CFU mL1) in 2 mL square-deep well plates. Microcosms
were inoculated with either one of the two communities, or
left uninoculated for the control, and all experiments were
carried out simultaneously.
We investigated whether successional changes in community
composition had an effect on the invaders by inoculating the
invaders (species A, B & C) at three time points: at the same
time as the communities (early), and five (mid) and twelve
(late) days post-community inoculation. Each community was
challenged with all possible combinations of 1, 2 or 3 invaders
(7 combinations) and independently replicated three times.
The total number of invader cells (regardless of invader rich-
ness) was 103 CFU mL1 for all invader introductions. The
invaders were also inoculated into sterile beech leaf media
with no community to act as an invasion control and to assess
how the invaders interacted without a community and incu-
bated as above at 22 °C statically for 1 week. All communities
were destructively sampled 1 week after the invaders were
introduced.
Invasiveness assay
Invasions were regarded as ‘successful’ if the invaders were
able to persist in the microcosms over 7 days. Seven days was
approximately the amount of time it took for communities to
achieve stable abundances, and so was a natural yardstick for
gauging whether the invader had managed to become inte-
grated into the resident community. The microcosms were
serially diluted and plated (75 lL) onto two solid growth
media to differentiate between the resident community and
invading bacteria; the first medium was R2A agar (Sigma-
Aldrich) to assess the total bacterial CFU in the microcosm,
and the second was 100 lg mL1 rifampicin-LB agar, to
quantify the CFU of the invaders whilst inhibiting growth of
the communities. Whilst plate counts are known to underesti-
mate the true abundance of viable bacterial cells this method
was used here in order to generate comparable plate counts,
between invaders and community, required to assess inva-
sions. Cultures were diluted and the number of CFU was
counted after 3 days for both the community (107 to 104)
and invader (104 to 102), with the mean value recorded
across the dilutions. Counts of each of the distinct colony
morphologies (Table S1) were recorded from the rifampicin-
LB plates. If no invader was detected via plate counts but
sequencing data confirmed its presence (n = 9 microcosms) at
these dilutions, a value lower than the limit of detection was
assigned (10 CFU).
Molecular analysis of community structure
Experimental microcosms were briefly (10 s) homogenised by
vortexing and frozen 7 days after invasion and DNA was
later extracted from ~25% of the microcosm (200 lL) using
the ZR-96 Fungal/Bacterial DNA extraction kit (Zymo
Research) as described above. The V4 region of the 16S
rRNA gene was amplified, using universal primers containing
sequencing indexes (Kozich et al. 2013). Sequencing was per-
formed on the MiSeq platform with version 3 chemistry (Illu-
mina Inc., San Diego, CA, USA). Sequences were processed
in MacQIIME and VSEARCH. Default settings were used to
clean sequences in MacQIIME with the addition of a maxi-
mum unacceptable phred quality threshold of Q20. Cleaned
sequences were checked for chimeras in VSEARCH, using the
RDP Gold database and clustering and OTU identification
were carried out in MacQIIME using the Silva database (SSU
Ref NR 99 128) at a resolution of 97% sequence identity.
Statistical analysis
All data were log (base 10) transformed prior to analysis to
conform to the assumptions of parametric statistics. If the
assumptions were not met, non-parametric analyses were
employed as stated in the text. Analyses of community com-
position were conducted using absolute abundances, where
numbers of sequences were equilibrated by randomly sam-
pling 10 000 sequences per community. The relative abun-
dances were multiplied by the CFU mL1 of the community
to produce an estimate of absolute abundance. Analysis of
variance was used to assess the effects of invader richness and
community establishment on the persistence and abundance
of the invaders in the microcosms. Post hoc Tukey’s HSD
tests were performed to assess the significant differences (padj)
between the levels of the factors entered into the analysis of
variance. For each invader species, we constructed a linear
model where the response variable was the log10-transformed
invader abundance, and the independent variables scored the
binary presence/absence of the other two invader species and
their interaction, using R syntax aixj * xk, where ai repre-
sents the model estimate for the abundance (CFU mL1) of
invader i and x is the binary presence/absence of invaders j
and k.
We estimated the importance of complementarity and selec-
tion effects in determining the total number of viable invader
cells. We used the additive partitioning equation (Loreau &
Hector 2001): DY ¼ NDRYNþNcovðDRY;MÞ, where DY is
the difference between the observed total number of invader
cells in mixtures and the expected number in the absence of
selection or complementarity effects, N is the number of spe-
cies in the mixture, DRY is the difference between the invasion
success of the starting inoculum of a particular isolate in
monoculture and the invasion success of the same isolate
while in the mixture and M is the monoculture invasion suc-
cess. In the equation above, NDRYN (‘complementarity
© 2018 The Authors Ecology Letters published by CNRS and John Wiley & Sons Ltd
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effect’) reflects the degree to which invasion success depends
on interactions between the invaders, and Ncov(DRY, M)
(‘selection effects’) reflects the degree to which inclusion of a
particular species in mixture influences invasion success.
Community data were visualised using non-metric multidi-
mensional scaling (NMDS) ordination. Prior to the analysis
of the sequencing data, sequences that matched the invaders
were removed to avoid artificial inflation of the dissimilarities
between the communities. NMDS ordinations used 99 permu-
tations, and were repeated if the stress was greater than 0.16.
Analysis of similarity (ANOSIM) was calculated using 999
permutations. Multivariate analysis of variance was conducted
to assess whether the treatments impacted the distance
between communities in the ordination space (NMDS axis 1
& 2). Statistical significance was assigned using a ≤ 0.05. Visu-
alisation and analysis were performed using R v.3.0.1 (https://
www.r-project.org). Multivariate statistics were performed
using the vegan (v2.3-4) package (Oksanen et al. 2015).
RESULTS
Impact of invasion on community composition
We investigated whether the invaders altered the final commu-
nity composition of the resident communities across time and
invasion treatments. Using Bray–Curtis dissimilarity, signifi-
cant differences were observed between the two community
identities (ANOSIM R = 0.54, P < 0.001), whether the com-
munities were invaded (ANOSIM R = 0.45, P < 0.001), and
the time after inoculation that invasion occurred (ANOSIM R
= 0.25, P < 0.001) (Fig. 1). Due to the communities being ini-
tially chosen to have different compositions (Fig. S2), commu-
nity identity was treated as a categorical variable in the
analysis. Multivariate analysis of variance found that the
starting community composition was the largest source of
variation in final community composition (Table 1) and was
therefore entered first into the model. The next most signifi-
cant variables was the time of invasion followed by the num-
ber of invader species. Significant interactions were observed
between the different communities and increasing the number
of invaders, and the time of the invader introduction. Overall,
communities destructively sampled at later time points were
more similar than communities destructively sampled at
earlier time points.
Further multivariate analysis of variance found that the
abundance of invader cells persisting in the microcosm had a
significant effect on the community dissimilarity of micro-
cosms (F2,121 = 23.9, P < 0.001). This relationship (mean  1
standard deviation throughout) was found to be positive (an
increase in dissimilarity of 0.17  0.03 per log10 invader) with
greater numbers of invaders having a greater effect on com-
munity compositional shifts. Despite the strong impact of
multiple invasions on overall community structure, we
detected significant changes for only 3 out of 56 OTUs
(Fig. S3) the genus Sphingomonas (mean increase 5.1 9 105;
P = 0.044) increased abundance with invasion whereas the
genera Rheinheimera (mean increase 2.4 9 105; P = 0.037) and
Rhodoplanes (mean decrease 6.7 9 107; P = 0.010) changed
abundance at the mid-time invader introduction. The result
implies that invasions consistently impacted the communities,
but that the impacts on the underlying OTUs were relatively
more variable and therefore more difficult to detect using the
sample sizes available.
Invasion success
There was no significant difference in invasion success
between the two resident communities (paired-t62 = 0.53,
P = 0.599) despite the substantial differences in community
composition at the conclusion of the experiment. The timing
of invader introduction was found to have a significant effect
on the success of the multispecies invasion (Table 2). Invasion
success was highest when the invaders were co-inoculated with
the community at the start of the growth period (5.61  0.97
log10 invader CFU mL
1). This was significantly higher than
Table 1 Multivariate analysis of variance showed highly significant factors
in determining the dissimilarity between microcosms
Effect Pillai’s trace d.f. F-value P-value
Community 0.984 2119 3657.6 < 0.001
Time before invasion 0.570 4240 23.9 < 0.001
Invader richness 0.114 6240 2.4 0.028
Community 9 richness 0.302 6240 7.1 < 0.001
Community 9 time 0.376 4240 13.9 < 0.001
Richness 9 time 0.100 12 240 1.1 0.398
Community 9 richness 9 time 0.165 12 240 1.8 0.048
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Figure 1 Despite invasion-led differences in composition, communities
became more similar over time. Changes in mean NMDS score for
community A (a) and B (b) across time and with different numbers of
invaders. Shaded ellipses denote the standard deviation of the means,
with the numbers representing the days the communities aged prior to
invasion. Black lines between the points represent the movement of the
mean dissimilarities from 0 to 5 days (solid lines) and 5–12 days (dashed).
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if invaders were introduced at a mid (4.79  0.31 log10 inva-
der CFU mL1; padj < 0.001) or late (4.98  0.49 log10 inva-
der CFU mL1; padj < 0.001) stage of resident community
growth. There was also a significant effect of the richness of
the invaders on invasion success (Table 2). These data showed
that when a single invader was present the invasion success
(5.11  0.89 log10 invader CFU mL1) was lower than if two
(5.60  0.83 log10 invader CFU mL1; padj < 0.001) or three
(5.62  0.77 log10 invader CFU mL1; padj = 0.005) invaders
were present.
We also observed a significant interaction between the suc-
cessional stage during invasion and invader richness affecting
invasion success (Fig. 2; Table 2). When an early invader
introduction occurred, single invaders were less successful
(5.62  1.22 log10 invader CFU mL1) than two invaders
(6.67  0.32 log10 invader CFU mL1; padj < 0.001). How-
ever, invasion success was reduced when three-invaders were
simultaneously introduced (6.59  0.34 log10 invader CFU
mL1) compared with the two-invader treatment. When inva-
ders were introduced at a mid-stage of community growth,
the introduction of a single invader (4.72  0.38 log10 invader
CFU mL1) was less successful than the introduction of two
invaders (4.88  0.23 log10 invader CFU mL1), and the
introduction of three invaders was more successful yet (4.90 
0.20 log10 invader CFU mL
1). This continual increase was
also found with late invader introductions; single invaders
(4.98  0.62 log10 invader CFU mL1) had a lower success
than pairs of invaders (5.25  0.35 log10 invader CFU mL1),
which in turn was lower than invader trios (5.37  0.12 log10
invader CFU mL1).
We assessed the changing effects of selection and comple-
mentarity using the Additive Partitions Equation (Loreau &
Hector 2001). When the three species were grown in sterile
beech leaf media (i.e. when the background community was
not present), complementarity between the species increased
the overall abundance of the invader cells, whereas the influ-
ence of selection effects were negative (Fig. 3a). When the spe-
cies were invaded into a community, however, a negative
complementarity was shown alongside positive selection
effects (Fig. 3b–d). This change in the direction of comple-
mentarity effects was dependent on the presence of the com-
munities (F1,21 = 50.34, p < 0.001), and increased with the
number of invading species from two to three (F1,21 = 16.85,
P = 0.006). Successional stage only influenced complementar-
ity significantly in the presence of a community and in micro-
cosms with three invading species (F2,21 = 9.17, P = 0.002).
Successional stage was significantly (F1,21 = 9.77, P < 0.001)
associated with positive contributions of the selection effects
in the presence of the community (F1,21 = 16.14, P < 0.001).
Decreasing selection effects were associated with longer times
pre-invasion and in three species invasions in the presence of
the community (F2,21 = 4.27, P = 0.028).
To better understand the complementarity effects, we char-
acterised the pairwise interactions among the invader species.
Pairwise interactions were calculated as the difference between
the mean abundance of an invader in monoculture and their
mean abundance when invaded with the other invader species.
A positive value would indicate that co-invasion was benefi-
cial. We calculated pairwise interactions between each of the
three invaders species in the presence of a community and
over time. For assemblages grown without the presence of a
background community (Fig. 3e), we found that the presence
of another species, on average, increased the growth of the
invaders (0.67  1.32 log10 invader CFU mL1). This, how-
ever, changed when a community was present (Fig. 3f–h),
starting negative with a simultaneous invasion (0.09  0.89
log10 invader CFU mL
1) and becoming more negative during
early (0.11  0.25 log10 invader CFU mL1) and late inva-
sions (0.15  0.30 log10 invader CFU mL1). The change in
the mean interaction at each time (Fig. S4), when compared
to the mean abundances without a community, indicated that
the later the invasion time, the more inhibitive the invaders
became towards each other (Kruskal–Wallis rank sum test:
v22 ¼ 9:53, p < 0.009).
DISCUSSION
Like global hotspots of plant and animal invasions, microbial
communities in natural environments experience a continual,
diverse rain of foreign cells, which have the potential to dis-
place native populations and disrupt existing interaction net-
works (Dawson et al. 2017). Multiple, simultaneous invasions
Table 2 Analysis of variance showed the significant impact of time pre-
invasion, and richness of invaders, on the total persistence of the three
invaders
Factor Df F-value P-value
Community 1 0.14 0.706
Time before invasion 2 64.96 < 0.001
Invader richness 2 11.04 < 0.001
Time 9 richness 4 3.25 0.015
Residuals 116
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Figure 2 Persistence of the invaders a week post-invasion at different
times and richness levels. Significant differences in the number of invaders
counted were observed with increased time prior to invasion (P < 0.001).
When invasions occurred after the community acclimatised to the
environment, richness increased the persistence of the invaders, however,
this was at a much lower value than if an early invader introduction
occurred. Shaded area represents 1 standard deviation.
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are therefore expected to be the rule rather than the exception,
yet most studies have conducted invasion experiments using
individual invaders. We found that co-invasions of bacteria
significantly increased the persistence of the invading species
and altered the resident community composition. The results
imply that future studies of invasion ecology need to account
for interactions among invading cells in order to understand
invasion dynamics in natural systems.
We found that invaders had significant impacts on commu-
nity composition, and that this impact was greater at the ear-
liest invasion time (co-inoculation with the community), in
which the persistence of the invaders was highest. Later inva-
sions were less successful and had a lower impact on commu-
nity composition. A similar finding was reported in previous
studies in which compositional shifts only occurred when
communities were invaded at early stages or when supplied
with additional resources (Symons & Arnott 2014; Mallon
et al. 2015). The result is consistent with a role for priority
effects, in both bacterial (Tan et al. 2012; Gomez et al. 2016)
and studies of larger organisms (Fukami 2015; Pantel et al.
2015); where early invaders are able to utilise existing
resources to either monopolise nutrients or to create new
niches (e.g. by releasing secondary metabolites), but that such
options become closed to them at later stages of succession.
Invasion can thus change species abundances early in
succession, and thus the trajectory of succession. Later inva-
ders are required to utilise less favourable resources which
could impact less on the species in the community likely
because more abundant or more labile resources have already
been monopolised (Sanders et al. 2003; Rivett et al. 2016;
Taillefumier et al. 2017).
Invader species richness had a significant impact on invader
success. Previous studies of invasions of organisms have
demonstrated that consecutive invader introductions affect the
success of ‘secondary invasions,’ through interactions between
invaders (Preston et al. 2012; O’Loughlin & Green 2015), sim-
ilar to those observed here. We were able to monitor these
interactions among invaders over a time course, by utilising
the short-generation times of bacteria, to show that the dura-
tion of community development reduced the impact of multi-
ple invaders. When inoculated in a new environment, a
community undergoes a period of ecological sorting in which
bacterial populations stabilise their niche space through the
response to abiotic factors, resource uptake, and the establish-
ment of new biotic interactions (Nemergut et al. 2013).
Empirical work with bacteria has shown that, as a community
stabilises during succession, strong negative interactions
become more neutral (Rivett et al. 2016), and positive interac-
tions are given the opportunity to develop (Lawrence et al.
2012; Coyte et al. 2015). Previous work has shown that
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Figure 3 Interactions between the invading species are dependent on the age of the resident community. We used the Additive Partitions Equation to
estimate the role of selection effects (grey triangles) and complementarity effects (black circles) on invasion success averaged across the replicate
microcosms (a) with no community to invade, or (b) early (c) mid (d) late invasions. We plotted the pairwise interactions among the 3 invasions in the
lower panels, showing interactions when there is (e) no community, or (f) early (g) mid (h) late invasions. The thickness of the arrows represents the degree
of positive (red) or negative (blue) change in1 growth (log10 CFU mL
1) of each species when co-invaded with every other species. The outer arrows are
the pairwise invasions, whereas the arrows radiating from the central ‘ABC’ show the impact of removing any of the 3 species from the 3 species mixture.
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invasion resistance in low diversity microbial communities is
determined by community composition (Jousset et al. 2011;
Jones et al. 2017), potentially because of differences in inter-
specific interaction networks that develop in different commu-
nities (Coyte et al. 2015) as predicted from theory
(HilleRisLambers et al. 2012). Increasing positive interactions
within communities during succession have also been observed
in plants (Tilman et al. 2001), animals (Vermeij 1991), and in
theoretical work (Gilpin 1994; Tikhonov 2016). Community
development therefore potentially reduces the number of
available niches, which is reflected in the lower invasion suc-
cess over time.
Disturbances to succession that alter species frequencies can
have widespread repercussions on the community. These are
potentially due to downstream destabilisations of species
interaction networks (Sanders et al. 2003), which might result
in an increase in invasiveness for less competitive invasive
partners (Ricciardi et al. 2013), or the invasive species becom-
ing part of the resident community after a period of sorting
(Donlan & Wilcox 2008). There has been substantial work on
interaction networks in microbial communities (Coyte et al.
2015; Wei et al. 2015), and future work could quantify
whether inferred interactions are disrupted for example
through changes in abundance of keystone or hub species.
Further empirical research should test whether more diverse
invader assemblies can break the interaction networks estab-
lished within resident communities, including under scenarios
when there is the simultaneous invasion by whole communi-
ties of invaders during community coalescence (Rillig et al.
2015, 2016). Whilst it is possible that during invader introduc-
tions, that take place at a single time point, the community
could be disturbed, the microorganisms may re-stabilise their
networks by incorporating the invaders. Successful invasions
of larger organisms typically occur once the invasive species
has become stably incorporated into the new community.
Here, we have simply measured the persistence of the invader,
but it would be useful to also understand the extent of incor-
poration of invaders into bacterial communities. This might
involve, for example, measuring whether interactions between
the invader and the surrounding community attenuate over
time, as has been shown during succession of similar bacterial
communities (Rivett et al. 2016). Understanding the mecha-
nisms by which invaders are incorporated into a community,
thus potentially allowing the long-term persistence that we
observe, would aid in gaining a more fundamental under-
standing of what factors facilitate or hinder invasions, and
would also serve to bridge the gap between the understanding
of the invasion ecology of micro- and macro-organisms (Bal-
ser et al. 2006).
Whilst we originally postulated that a successful invader
would affect the interactive landscape of the community (Sim-
berloff & Von Holle 1999), resulting in observable comple-
mentarity between multiple invaders, our results suggest
invasion success is primarily due to selection effects. In addi-
tion, invaders are apparently increasingly forced into a nar-
rower range of strategies, resulting in the increasingly negative
interactions among invader species over time, and the increas-
ing importance of selection effects rather than complementar-
ity effects in later stages of succession. The result implies that
the negative interactions among multiple invaders, frequently
observed in communities of larger organisms, could be due to
those studies focusing on late-successional communities. Our
work leads to the prediction that studies of early successional
communities or perturbed communities might yield a greater
number of positive interactions among multiple invasions. It
also raises the possibility for successive invaders to benefit
from positive feedbacks as the community becomes increas-
ingly perturbed.
In conclusion, multi-species invasions increase overall inva-
sion success relative to single species invasions due to selection
effects. Furthermore, the inclusion of successively more inva-
ders causes the final composition to shift more away from the
‘normal’ (no invasion) trajectory, although limited exclusion
of existing members was observed. We also demonstrate that
early invader introductions have a greater impact upon the
composition of the community and allow greater persistence
of invasive species in species-rich bacterial communities. These
results present an interesting dichotomy from studies looking
at larger organisms; bacterial communities appear to be more
resilient to multiple invaders, retaining the same successional
trajectories, compared to communities of larger organism that
can become substantially altered (Johnson et al. 2009). This
disconnect may be due to the different numbers of genera-
tions, and levels of diversity, achievable by micro- and larger
organisms observed during an experiment. However, in agree-
ment with previous ecological studies (Buric et al. 2009; John-
son et al. 2009; Hudina et al. 2011; Preston et al. 2012) we
demonstrate the importance of considering the resilience of
the community composition, and the interactions between the
invaders, as a result of invasion. This aspect of invasion ecol-
ogy is crucial in both micro- and macro-communities and
should be accounted for before being able to predict the out-
come of multiple invasion events.
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